Coordinated recombination of homologous antigen receptor loci is thought to be important for allelic exclusion. Here we show that homologous immunoglobulin alleles pair in a stage-specific way that mirrors the recombination patterns of these loci. The frequency of homologous immunoglobulin pairing was much lower in the absence of the RAG-1-RAG-2 recombinase and was restored in Rag1 -/developing B cells with a transgene expressing a RAG-1 active-site mutant that supported DNA binding but not cleavage. The introduction of DNA breaks on one immunoglobulin allele induced ATM-dependent repositioning of the other allele to pericentromeric heterochromatin. ATM activated by the cleaved allele acts in trans on the uncleaved allele to prevent biallelic recombination and chromosome breaks or translocations.
Immunoglobulin and T cell antigen receptor (TCR) loci are assembled through the rearrangement of variable (V), diversity (D) and joining (J) gene segments. V(D)J recombination involves the synapsis of compatible conserved recombination signal sequences that flank the V, D and J gene segments of these genes [1] [2] [3] . The lymphocyte-specific V(D)J recombinase enzyme consisting of RAG-1 (A002009) and RAG-2 (A002010) mediates synapse formation and introduces DNA doublestrand breaks (DSBs) between the two participating gene segments and their flanking recombination signal sequences. The RAG recombinase (called 'RAG' here unless the individual proteins are specifically described) additionally stabilizes recombination intermediates by holding the broken DNA ends in place and shuttling them into the nonhomologous end-joining DSB-repair pathway 4, 5 . In addition, the repair-checkpoint protein ATM (A000349) stabilizes the RAG postcleavage complex and coordinates DSB repair with the G1-S cell-cycle checkpoint to suppress chromosomal translocations and lymphomas that arise from aberrant V(D)J recombination events [6] [7] [8] [9] [10] .
Immunoglobulin recombination takes place during B cell development in the bone marrow with each developmental stage delineated by distinct recombination events. Temporally ordered rearrangement of the immunoglobulin heavy-chain (Igh) locus initiates with D H -to-J H recombination in pre-pro-B cells before V H -to-DJ H rearrangement begins in pro-B cells. At the pro-B cell stage of development, upregulation of the B cell-specific transcription factor Pax5 induces locus contraction on both alleles [11] [12] [13] [14] , which enables V H -to-DJ H rearrangement of mid-V H and distal V H gene families. The mechanisms that coordinate the individual immunoglobulin-recombination steps have not been elucidated. Studies of the rearrangement status of Igh alleles in mature B cell hybridomas and in developing B cells that have been transformed by Abelson murine leukemia virus 15 have suggested that both Igh alleles undergo concurrent D H -to-J H rearrangement in a single cell and then one allele undergoes V H -to-DJ H rearrangement. However, so far, few studies have investigated the targeting of individual Igh alleles during V(D)J recombination in primary cells and thus there is no direct evidence to support the idea of simultaneous biallelic D H -to-J H rearrangement.
Allelic exclusion is initiated, established and maintained during B cell development to enforce clonality and monospecific recognition by the B cell antigen receptor (BCR) expressed on individual B lymphocytes. Allelic exclusion of the Igh locus is initiated at the pro-B cell stage of development, as only one allele undergoes functional rearrangement. This indicates a mechanism for ensuring that both alleles do not undergo simultaneous V H -to-DJ H recombination, but so far none has been identified. Establishment of allelic exclusion at the transition from pro-B cell to pre-B cell inhibits V H -to-DJ H recombination of the second DJ H -rearranged allele during Igk lightchain rearrangement. In pro-B cells undergoing rearrangement, the Igh loci are located mainly in euchromatic regions of the nucleus, but in pre-B cells, one Igk allele is positioned at pericentromeric heterochromatin before rearrangement 13, 16 . This process is thought to contribute to allelic exclusion by decreasing accessibility to one allele during recombination 17 . It is not known what mechanism regulates the differences in the treatment of Igk alleles. We have investigated potential mechanisms by which V(D)J recombination is coordinated on the two alleles of the Igh and Igk loci during B cell development.
Here we show that the V(D)J recombinase and the cellular DNA damage-response machinery coordinate DNA cleavage and nuclear positioning of immunoglobulin loci to initiate allelic exclusion and preserve genomic integrity during rearrangement of antigen receptors.
RESULTS

Homologous pairing of Igh and Igk alleles
It is known that pairing of X chromosomes is important in X inactivation during the early development of female mammals [18] [19] [20] . To determine whether 'pairing' might be involved in regulating immunoglobulin loci, we analyzed the frequency of paired homologous immunoglobulin alleles in sorted bone marrow primary B lymphocytes of various developmental stages ( Supplementary Fig. 1 online) and in mouse embryonic fibroblasts. For these experiments, we used two-color three-dimensional DNA fluorescence in situ hybridization (FISH) and subsequent confocal microscopy as described 13 (Fig. 1a-d and Supplementary Tables 1 and 2 online) . The Igh DNA bacterial artificial chromosome (BAC) probes used, CT7-526A21 and CT7-34H6, map to the distal V H gene region located at the 5¢ end of the Igh locus and the 3¢ constant (C H ) region, respectively (Fig. 1b) . The Igk BAC DNA probes used, RP23-101G13 and RP24-387E13, map to the distal V k 24 gene region located at the 5¢ end of the Igk locus and the 3¢ constant (C k ) region, respectively ( Fig. 1d) . We considered immunoglobulin alleles to be homologously paired if the two Igh or Igk alleles were separated by less than 1 mm at one or both ends. At the Igh locus, we found homologous pairing of the two alleles in 24% of CD19pre-pro-B cells and in 21% of CD19 + pro-B cells (Fig. 1a,b and Supplementary Table 1) . Similarly, at the Igk locus we found pairing in 18-20% of pre-B cells, early immature B cells and late immature B cells (Fig. 1c,d and Supplementary Table 2 ). Pairing is thus associated with recombination but also with transcription: we found homologous Igh and Igk pairing in 8-10% of B cells at developmental stages at which the locus was being transcribed, compared with 2% allelic pairing in mouse embryonic fibroblasts in which the loci were transcriptionally inactive. Such percentages of association as those we have reported here seem low until it is realized that only a small percentage of cells are recombining or preparing for rearrangement at any given moment.
Rearrangement of the antigen receptor locus correlates with germline transcription, open chromatin and contraction of immunoglobulin and TCR loci 12, 13, 21, 22 . In the absence of Pax5, V H germline transcription, histone acetylation of V H chromatin and expression of WT pre-B, unpaired Igh Rag1 and Rag2 are normal, but both Igh contraction and V H -to-DJ H rearrangement of mid-V H and distal V H genes are substantially impaired 11, 23, 24 . To determine whether pairing is influenced by locus conformation, we examined the frequency of Igh pairing in wild-type and Pax5 -/pro-B cells cultured short term. In wild-type cells, the locus was extended during D H -to-J H rearrangement and pairing was frequent; during V H -to-DJ H rearrangement, the locus was contracted and pairing was also frequent. In the absence of Pax5, however, the locus remained decontracted and pairing was diminished ( Fig. 1e,f and Supplementary Table 3 online). These findings suggest that homologous pairing of Igh alleles during D H -to-J H rearrangement might be mediated by a region that is deleted during recombination. Homologous pairing during V H -DJ H rearrangement might require locus contraction, but the pleiotropic effects of Pax5 make it impossible to draw firm conclusions.
RAG-1 mediates homologous pairing of immunoglobulin alleles
The identical developmental stage-specific patterns of immunoglobulin pairing and rearrangement suggest that there may be a mechanistic link between these two phenomena. We reasoned that the V(D)J recombinase might contribute to pairing of Igh and Igk alleles. To test this idea, we analyzed the frequency of pairing of homologous immunoglobulin alleles in primary bone marrowderived B lymphocytes of various developmental stages sorted from wild-type, Rag1 -/or Rag1 -/mice expressing a functionally rearranged B1.8 Igh 'knock-in' transgene 25 and/or Rag1 D708A transgene 26 . Expression of the B1.8 rearranged Igh transgene drives B cell development to the pre-B cell stage 25 , which enables analysis of the Igk locus in Rag1 -/mice. The D708A active-site substitution of the RAG-1 protein prevents DNA cleavage but still allows binding and synapsis of recombination signal sequences by the RAG complex [26] [27] [28] . A significantly higher percentage of wild-type CD19pre-pro-B cells (24%) and CD19 + pro-B cells (22%) than Rag1 -/-CD19pre-pro-B cells (12%) or CD19 + pro-B cells (12%) contained paired Igh alleles ( Fig. 2a) . Likewise, Igk allele pairing was significantly higher in B1.8 pre-B cells (18%) than in Rag1 -/-B1.8 pre-B cells (9%) (Fig. 2b) .
Notably, the frequencies at which Igh and Igk alleles paired in the presence of functional or nonfunctional (D708A) RAG were similar. These data collectively demonstrate that high frequencies of interallelic immunoglobulin pairing are dependent on RAG-1 expression but not on RAG DNA-cleavage activity.
RAG-1 differentially 'marks' paired immunoglobulin alleles X inactivation takes place in developing female (XX) cells and seems to be dependent on the pairing of X-inactivation centers present on the two individual X chromosomes [18] [19] [20] . To determine whether the two processes share a common function, we next assessed whether pairing of immunoglobulin loci occurred before the initiation of V(D)J recombination on one allele and, if so, whether this pairing might silence or diminish the accessibility of the unrearranged immunoglobulin allele after separation of paired immunoglobulin alleles. We first analyzed by confocal microscopy the position of paired Igh alleles relative to pericentromeric heterochromatin by three-color three-dimensional DNA FISH with the two BACs CT7-526A21 and CT7-34H6 in combination with a g-satellite probe, which hybridizes to major satellite centromeric repeats. Wild-type pre-pro-B cells and pro-B cells had paired Igh alleles that were positioned mainly near pericentromeric heterochromatin, with one allele juxtaposed to this repressive compartment and the other allele located in a euchromatic region of the nucleus (Fig. 3a,b and Supplementary Table 4 online).
These data indicate that homologously paired Igh alleles are 'marked' in different ways, as defined by their nuclear locations.
To determine whether recombination could be a prerequisite for the differences in location, we next analyzed the positions of paired Igh alleles relative to pericentromeric heterochromatin in sorted Rag1 -/pre-pro-B and pro-B cells in the presence or absence of the Rag1 D708A transgene (Fig. 3a,b and Supplementary Table 4 ). We found that paired Igh alleles in Rag1 -/pre-pro-B cells and pro-B cells had one Igh allele associated with pericentromeric heterochromatin at a significantly lower frequency (19% and 9%, respectively) than those in similar wild-type populations (55% and 61%, respectively). This difference could not be 'rescued' by the presence of the Rag1 D708A transgene. Hence, differences in the nuclear positioning of Igh alleles is induced by RAG-mediated cleavage. Recombination also affected the relative distribution of Igh in total pre-pro-B cell and pro-B cell populations ( Fig. 3c and Supplementary Table 5 online), which indicated that RAG-mediated DNA cleavage was required for monoallelic association of Igh with pericentromeric heterochromatin whether alleles were paired or unpaired.
We next analyzed the V H -to-DJ H rearrangement status of Igh alleles relative to pericentromeric heterochromatin by three-color threedimensional DNA FISH with a g-satellite probe in combination with the C H BAC and a BAC probe, RP24-275L15, that hybridizes to the intergenic region between the V H and D H gene segments ( Fig. 3d) . Any V H -to-DJ H recombination event would result in deletion of this intergenic region and loss of this signal. We analyzed cells containing one germline Igh allele (275L15 + ) and one V H DJ H -rearranged Igh allele (275L15 À ) and found the germline Igh allele (275L15 + ) associated with pericentromeric heterochromatin in 67% of pro-B cells with unpaired Igh alleles and in 81% of pro-B cells with paired Igh alleles ( Fig. 3e and Supplementary Table 6 online). We additionally assessed the position of paired unrearranged Igh alleles in cells in which both 275L15 signals were present ( Fig. 3f and Supplementary Table 4 ). Our results indicated that 78% of unrearranged paired alleles were positioned in euchromatic regions of the cell. Our data collectively suggest that unrearranged alleles pair up in a recombinase-dependent way in euchromatic regions of the nucleus. Differences in the marking of paired alleles, after RAG-1-mediated cleavage, direct the unrecombined allele to pericentromeric heterochromatin while the rearranged allele remains in a euchromatic region of the nucleus.
We next analyzed the position of Igk alleles relative to pericentromeric heterochromatin by DNA FISH with the V k and C k BACs in combination with a g-satellite probe. We compared the nuclear Table 7 online). Notably, expression of the Rag1 D708A mutant 'rescued' this effect (78%). Furthermore, only RAG-1 expression, not cleavage, was required for monoallelic Igk association with pericentromeric heterochromatin in pre-B cells independently of pairing ( Fig. 4c and Supplementary Table 8 online).
ATM directs allelic repositioning RAG-mediated immunoglobulin cleavage activates a multifunctional genetic program that is dependent in part on the repair-checkpoint protein ATM 29 . We next analyzed the relative positions of Igh loci in pre-pro-B cells and pro-B cells from Atm -/mice to determine whether ATM-dependent signals were required for the association of unrearranged Igh alleles with pericentromeric heterochromatin induced by RAG cleavage ( Supplementary Fig. 2 online). Although we found homologous pairing of Igh alleles at the same high frequency in Atm -/and wild-type pre-pro-B cells and pro-B cells, paired Igh alleles remained mainly euchromatic in Atm -/cells (72% and 75%, respectively), in contrast to results obtained with the equivalent wild-type populations (44% and 41%, respectively; Fig. 5a,b and Supplementary Table 4 ). In addition, the overall frequency of monoand biallelic pericentromeric recruitment of Igh alleles was lower in Atm -/pre-pro-B cells and pro-B cells than in the equivalent wild-type populations (41% and 34%, respectively; Fig. 5c,d and Supplementary Table 5 ).
At the Igk locus, again there were similar frequencies of homologous pairing in Atm -/and wild-type pre-B cells ( Fig. 5e and 
n r e a r r a n g e d R e a r r a n g e d U n r e a r r a n g e d R e a r r a n g e d Supplementary Table 2 ), but paired Igk alleles were positioned at pericentromeric heterochromatin less frequently (50% in Atm -/pre-B cells; 68% in wild-type pre-B cells), and we found significantly less monoallelic pericentromeric recruitment of Igk in the overall population of Atm -/pre-B cells (39% in Atm -/-; 71% in wild-type; Fig. 5d ,f,g and Supplementary Tables 7 and 8). Collectively, our data suggest that the activation of ATM by RAG-mediated cleavage during immunoglobulin rearrangement provides signals by which the unrearranged allele is associated with pericentromeric heterochromatin.
ATM prevents biallelic RAG-mediated cleavage ATM rapidly phosphorylates the H2AX histone variant to form g-H2AX in chromatin around DSBs, including those induced by RAG during Tcra rearrangements in thymocytes 8 . To determine whether initiation of V(D)J recombination is coordinated between homologous immunoglobulin alleles, we investigated whether ATMdependent phosphorylation of H2AX along immunoglobulin loci occurred in a monoallelic or biallelic way in developing B cells. Notably, the localization of g-H2AX with Igh was absolutely dependent on recombinase enzymes, as these foci were never associated with Igh loci in Rag1 -/cells ( Supplementary Fig. 3 online). In cells containing g-H2AX-associated Igh signals, 97.2% of pre-pro-B cells and 99.2% of pro-B cells had monoallelic association of g-H2AX with Igh, whereas 2.8% of pre-pro-B cells and 0.8% of pro-B cells had biallelic association. Similarly, in pre-B cells containing Igk alleles coincident with g-H2AX, 94.8% had monoallelic association with Igk, whereas 5.2% were biallelically associated ( Supplementary Fig. 4a,b and Tables 9 and 10 online). Localization of g-H2AX foci on both alleles of Igh or Igk could represent either simultaneous biallelic RAG-generated DSBs or a lag in the resolution of g-H2AX foci after repair of monoallelic DSBs. Regardless of which is true, these data indicate that RAG-mediated cleavage occurred on only one allele at a time in most primary bone marrow cells during D H -to-J H , V H -to-DJ H and V k -to-J k recombination.
Monoallelic targeting of the V(D)J recombinase could reflect either an inefficient process or a regulated process. To distinguish between those possibilities, we calculated the number of cells in which we would expect to find biallelic association of g-H2AX (as judged by the presence of g-H2AX foci) if recombinase targeting were inefficient and compared it with the actual number obtained. If g-H2AX foci are found in 'X%' of a given population, the expected frequency of biallelic recombination would be 'X% of X%' . Notably, the percentage of cells in which we actually found biallelic association of g-H2AX with Igh and Igk in cells undergoing recombination was significantly lower than the predicted frequency ( Fig. 6 and Supplementary Tables 9 and 10). These observations support the idea that D H -to-J H , V H -to-DJ H and V k -to-J k rearrangement each occur on one allele at a time and that monoallelic V(D)J recombination occurs as a result of regulated or restricted targeting of RAG-mediated cleavage and is not simply a result of inefficient recombination.
As activation of ATM by RAG-mediated cleavage provides signals by which the unrearranged allele associated with pericentromeric heterochromatin, we next sought to determine whether ATM restricted RAGmediated cleavage to one allele at a time. For this, we did g-H2AXimmunoglobulin immuno-DNA FISH of developing B lymphocytes sorted from the bone marrow of Atm -/mice. Relative to the number of foci in equivalent wild-type cells, the average number of g-H2AX foci was lower but not absent in Atm -/pro-B cells (5.97 compared with 5.65, respectively) and pre-B cells (5.05 and 3.18, respectively), which indicated that many g-H2AX foci in developing B cells were generated by another kinase, such as DNA-PKcs or ATR 30 . In Atm -/cells containing Igh alleles coincident with g-H2AX, 10.3% of pre-pro-B cells and 3.1% of pro-B cells had biallelic association, and in pre-B cells containing Igk alleles coincident with g-H2AX, 18.8% had biallelic association with Igk (Fig. 6d,e and Supplementary Tables 9 and 10). We next calculated the predicted frequency at which we would expect to find biallelic DSBs introduced on Igh and Igk in cells in which these loci were undergoing rearrangement and compared those values to the actual frequency at which we found biallelic localization of g-H2AX on immunoglobulin loci in these cells. We found no significant differences between predicted frequencies for biallelic localization of g-H2AX on Igh and Igk in pre-pro-B cells and pre-B cells, respectively, and the frequencies that we actually found (Fig. 6a,c) .
Although the introduction of DSBs on both alleles was also greater in Atm -/pro-B cells, the increase was less than that in Atm -/pre-pro-B cells. However, as reported before 31 , we found broken and/or missing that ATM-mediated repositioning of unrearranged immunoglobulin alleles with pericentromeric heterochromatin diminished accessibility and inhibited biallelic RAG-mediated cleavage.
ATM prevents biallelic Igk chromosome breaks
Treatment of v-Abl-transformed (Abl) pre-B cell lines deficient in nonhomologous end-joining with the Abl kinase inhibitor STI571 leads to G1 arrest, expression of Rag1 and Rag2 and accumulation of unrepaired RAG-generated breaks, which activate ATMdependent signals 9, 29 . To directly evaluate whether ATM prevents biallelic RAG-mediated cleavage, we treated Rag2 -/-, Artemisdeficient (Dclre1c -/-; called 'Artemis -/-' here) and Artemis -/-Atm -/cells for 1-7 d with STI571 and analyzed the J k locus by Southern blot of DNA isolated from these cells. Artemis is a nonhomologous end-joining factor required for opening coding ends so that RAGgenerated DSBs are repaired 32, 33 . The germline J k band was retained in the control Rag2 -/cells ( Fig. 7a) , whereas in Artemis -/cells, we found 30-50% less of the germline J k band and correspondingly more J k coding-end bands ( Fig. 7a and Supplementary Fig. 5 online). These data demonstrate that RAG-mediated cleavage occurred on half of the Igk alleles in these cells. In contrast, we found 80% less of the germline J k band and correspondingly more J k coding-end bands in Artemis -/-Atm -/cells ( Fig. 7a and Supplementary Fig. 5 ), which indicated that RAG-mediated cleavage occurred on more than half of the Igk alleles in these cells. We obtained similar results with independently derived cell lines ( Supplementary Fig. 5 ). These data suggest that cleavage activates ATM signals that prevent RAG-mediated cleavage of the other Igk allele until nonhomologous end-joining-mediated formation of V k J k coding joints. During V(D)J recombination, ATM maintains coding ends in repair complexes and prevents RAG-initiated genomic instability 9, 31 . To investigate whether ATM prevents the biallelic dissociation of Igk coding ends and biallelic chromosome breaks or translocations involving Igk, we did two-color DNA FISH with the 5¢ V k BAC RP24-243E11 probe and the 3¢ C k BAC RP23-341D5 probe on G1 nuclei prepared from STI57-treated Artemis -/pre-B cells also deficient in the tumor suppressor p53 (Trp53 -/-; called 'p53 -/-' here) and Artemis -/-Atm -/pre-B cells. We used Artemis -/-p53 -/cells rather than Artemis -/cells so that the ATM-p53-dependent G1-S checkpoint was impaired, as in Artemis -/-Atm -/cells. We found coincident (o1.0-mm) probe signals on both alleles in 85% of Artemis -/-p53 -/nuclei, with noncoincident probe signals on one allele in 15% and both alleles in less than 1% of nuclei ( Fig. 7b ). We found coincident probe signals on both alleles in 50% of Artemis -/-Atm -/nuclei, with noncoincident probe signals on one allele in 41% and on both alleles in 10% of nuclei (Fig. 7b) . The difference between noncoincident signals in 1% of Artemis -/-p53 -/nuclei and 10% of Artemis -/-Atm -/nuclei was statistically significant (P ¼ 0.005). Next we did FISH with the V k and C k BACs and a chromosome-6 'paint' on metaphase spreads prepared from untreated cells or cells that had been released back into cycle by removal of STI571. We found chromosome-6 translocations in less than 3% of metaphases prepared from untreated cells (data not shown). We found RAG-induced Igk chromosome breaks or translocations in 4% of Artemis -/-p53 -/cells, whereby lesions arose from a single Igk allele (Fig. 7c) . In contrast, we found Igk chromosome breaks or translocations in 66% of Artemis -/-Atm -/cells, with 30% of cells containing lesions arising from both Igk alleles (Fig. 7c) . The difference between the absence of biallelic Igk abnormalities in Artemis -/-p53 -/nuclei and 30% of Artemis -/-Atm -/nuclei was statistically significant (P ¼ 0.004). Collectively, these data demonstrate that ATM regulates monoallelic RAG-mediated cleavage of homologous Igk loci to prevent biallelic V(D)J recombination.
Igh pairing can occur beyond the pro-B cell stage A prediction of our findings is that in Atm -/mice, allelic exclusion could be violated. However, flow cytometry analysis of surface and cytoplasmic IgH expression by Atm -/mice containing allotypically marked Igh alleles indicated that Igh allelic exclusion was maintained ( Fig. 8a and Supplementary Fig. 6 online) . We next sought to determine whether maintaining accessibility of the Igh locus at the pre-B cell stage could maintain a high frequency of homologous association, leading to silencing of one allele in cells expressing two functionally rearranged Igh alleles. Interleukin 7 receptor signaling mediated by the transcription factor STAT5 is thought to be responsible for histone acetylation and transcription of distal V H genes at the pro-B cell stage 34 . After functional rearrangement of one Igh allele, pre-BCR signaling results in attenuation of interleukin 7 receptor signaling, which leads to histone deacetylation and less V H gene accessibility 35 . The expression of a constitutively active Stat5a (caStat5a) transgene 36 may therefore prevent the loss of Igh accessibility at the pre-B cell stage. To assess this, we used mice expressing either a caStat5a or caStat5b transgene 36, 37 . The results of the experiments with the two transgenic mice strains were equivalent, and data are presented for B cells derived from caStat5a mice. We did DNA FISH of sorted developing B cells from caStat5 and wild-type mice as described above (Fig. 5) . In contrast to recruitment in wild-type pre-B cells, recruitment of one Igh allele to pericentromeric clusters did not occur in caStat5 pre-B cells and was delayed until the immature B cell stage ( Fig. 8b and Supplementary Table 5 ). These data indicate that inactivation of STAT5 was pivotal in changing accessibility at the Igh locus, as defined here by nuclear location, and that STAT5 was important in 'translating' signals from the pre-BCR into alterations of Igh position in the nucleus. To determine whether accessibility could influence homologous Igh pairing beyond the pro-B cell stage, we examined the frequency of association of the two Igh alleles in pre-B cells and immature B cells from wild-type and caStat5 mice. In contrast to their association in wild-type cells, the association of Igh alleles remained high in caStat5 pre-B cells and began to decrease only at the subsequent immature B cell stage (Fig. 8c,d and Supplementary Table 1 ), when one Igh allele also became repositioned to pericentromeric heterochromatin ( Fig. 8b and Supplementary Table 5 ). In summary, the frequency of Igh pairing depended on accessibility and was lower when one Igh allele repositioned to a repressive nuclear compartment in pre-B cells. Association of Igh with the Igk locus occurs at the pre-B cell stage. Analysis of sorted wild-type and caStat5 B lymphocytes at various developmental stages showed that the frequency of association of Igh and Igk alleles was much lower in pre-B cells and early immature B cells of caStat5 mice than those of wild-type mice ( Supplementary  Fig. 7a and Supplementary Table 11 online). Because association of the Igh locus with an Igk allele is a prerequisite for decontraction of the Igh locus in pre-B cells 38 , we analyzed the contraction state of the Igh locus by three-dimensional FISH in developing B lymphocytes of caStat5 mice. Consistent with the low frequency of association between Igh and Igk alleles, the Igh locus remained contracted in pre-B cells and immature B cells from caStat5 mice ( Supplementary  Fig. 7b and Supplementary Table 3 ). Ongoing accessibility of the Igh locus in pre-B cells from mice deficient in the 3¢ Igk enhancer (3¢Ek) results in more rearrangements involving distal V H J558 gene segments, as judged by the absence of FISH signals for CT7-526A21, which detects more proximally located V H J558 gene segments 38 . Similar FISH analysis showed that these CT7-526A21 V H J558 gene segments were also deleted more frequently in caStat5 pre-B cells than in wildtype pre-B cells (Fig. 8e,f and Supplementary Table 12 online). We confirmed ongoing V H -DJ H recombination by ligation-mediated PCR to assess the presence of recombinase-mediated DSBs at Igh locus recombination signal sequences. DNA breaks represent reaction intermediates of rearrangement ( Supplementary Fig. 7c ). However, flow cytometry of cells from mice heterozygous for two allotypically marked Igh alleles indicated that allelic exclusion was not violated in splenic B cells of caStat5 mice ( Supplementary Fig. 8 online) , similar to 3¢Ek-deficient mice 38, 39 .
In Atm -/mice, accessibility of the Igh locus was prolonged beyond the pro-B cell stage, as it was in the 3¢Ek-deficient and caStat5 mice. In mice of all three genotypes, ongoing accessibility of Igh alleles at the pre-B cell stage was correlated with a high frequency of Igh pairing (Fig. 8b,c,g,h and Supplementary Tables 1 and 4 ; data for 3¢Ek-deficient mice not shown). Furthermore, in all genotypes examined, allelic exclusion remained intact despite ongoing accessibility leading to more V H J558 gene rearrangement or biallelic RAG-mediated cleavage. These data support the idea that there is a second checkpoint for establishing allelic exclusion at the transition from pre-B cell to immature B cell 40 , which could be mediated by homologous pairing and differences in the marking of Igh alleles in pre-B cells.
DISCUSSION
The generation of a monospecific BCR on individual B cells is thought to be important for preventing autoimmunity, but the mechanisms by which this is achieved remain unclear. On the basis of our collective observations, we propose a model in which homologous Igh and Igk alleles proceed through cycles of pairing and separation with V(D)J recombination initiating on one of the paired alleles. RAG-mediated cleavage activates ATM to mediate different marking of the two alleles, Artemis which in turn leads to 'preferential' association of the uncleaved allele with pericentromeric heterochromatin. We propose that the ATMdriven repositioning of the uncleaved allele to these repressive nuclear regions enables a mechanism for transient inhibition of accessibility to the recombinase and provides a time window during which the RAG-cleaved allele can be repaired, transcribed, translated and tested for functionality. Assembly and expression of a productive V H DJ H or V k J k rearrangement on the first allele leads to expression of the pre-BCR or BCR and initiation of classical feedback inhibition of further V H or V k rearrangement. The ATM-driven marking of the uncleaved allele could be reversed because DSB repair leads to cessation of ATMdependent signals. As the accessibility of immunoglobulin loci is maintained at their respective stage of V(D)J recombination, it is conceivable that changes induced by differences in the marking of the unrearranged allele could be reversed. This would result in disassociation of the unrearranged allele from pericentromeric heterochromatin and allow another round of pairing, cleavage and repositioning to occur. Such cycles could occur until either a functional V H -to-DJ H -or V k -J k -rearranged allele is produced or all possible V(D)J recombination events are exhausted and the cell dies. Although we hypothesize that V(D)J recombination initiates on paired immunoglobulin alleles, our data do not rule out the possibility that RAG-mediated cleavage also occurs on unpaired alleles. However, if ATM located on the rearranging allele acts in trans to inhibit recombination of the other allele, this is more likely to occur if the two immunoglobulin alleles are closely paired than for the pool of activated ATM to diffuse over a large distance if the two alleles are separated.
Artemis
In addition to allelic exclusion of antigen receptor loci, monoallelic expression of maternal or paternal genes in mammalian cells includes X-inactivated and autosomal genes. It is known that pairing of X chromosomes is important for X inactivation, but the mechanisms that lead to monoallelic expression of autosomal genes remain poorly understood. Transient pairing of the two X chromosomes in developing female cells requires transcription of both alleles and ensures that only one chromosome is chosen and targeted for silencing before different epigenetic marking and separation of the homologous alleles 18, 19 . Our data suggest that as with X inactivation, homologous pairing of immunoglobulin loci contributes to allelic exclusion by ensuring that only one allele is targeted for recombination at any time. Interallelic pairing could therefore be a general mechanism for establishing monoallelic gene expression.
From the 'selfish gene' perspective, selective pressure may have forced the adaptive immune system to evolve in higher organisms to ensure the propagation of genetic material from generation to generation. In this context, it has been proposed that antigen receptor allelic exclusion evolved under selective pressure to prevent autoimmunity by ensuring proper positive or negative selection and receptor editing. We propose that allelic exclusion may also have evolved from the need to preserve cellular survival, maintain genomic integrity, and suppress oncogenic translocations during rearrangements of antigen receptor genes.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureimmunology/.
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ONLINE METHODS
Mice. Rag1 -/mice 41 and Rag2 -/mice 42 were maintained on a C57BL/6 background and were genotyped as described. The mouse Rag1 D708A BAC transgene was derived from the BAC HG (about 170 kilobases; provided by M. Nussenzweig), which spans the RAG locus and encodes GFP instead of Rag2 (ref. 43 ). The Rag1 GAT codon (encoding aspartate at position 708) was changed to GCG (encoding alanine) by homologous recombination in bacteria. Mice with full-length Rag1 D708A (copy number, 2-3) were bred with Rag1 -/mice on a C57BL/6 background to generate Rag1 -/-Rag1 D708A mice. B1.8 mice have a functionally rearranged immunoglobulin-m 'knock-in' 25 . Atm -/mice were generated by interbreeding of 129SvEv Atm +/mice and were genotyped as described 44 Resting splenic B cells were purified as described 45 .
Three-dimensional DNA FISH. Cells sorted by flow cytometry were washed in PBS and then were fixed on poly-L-lysine-coated slides for two-color and threecolor three-dimensional DNA-FISH analysis as described 11 . Probes were directly labeled by nick-translation with ChromaTide Alexa Fluor 488-5-dUTP, Chro-maTide Alexa Fluor 594-5-dUTP (Molecular Probes) or dUTP-indodicarbocyanine (GE Healthcare). The g-satellite probe was prepared from a plasmid containing eight copies of the g-satellite repeat sequence 45 and was directly labeled with dUTP-FITC (Roche; Enzo Biochem) or dUTP-indodicarbocyanine.
Immunofluorescence and DNA FISH immunofluorescence. For detection of g-H2AX alone, cells were adhered to poly-L-lysine coated coverslips, were fixed for 10 min at 22 1C with 2% (wt/vol) paraformaldehyde in PBS and were made permeable for 5 min with 0.4% (vol/vol) Triton in PBS. Nonspecific antibody binding was blocked for 30 min with 2.5% (wt/vol) BSA, 10% (vol/vol) normal goat serum and 0.1% (vol/vol) Tween-20 in PBS. For g-H2AX staining, samples were incubated for 1 h at 22 1C with antibody to phosphorylated serine 139 of H2AX (JBW301; Millipore) diluted 1:500 in blocking solution. Cells were rinsed with 0.2% (wt/vol) BSA and 0.1% (vol/vol) Tween-20 in PBS and were stained for 1 h with goat antibody to mouse IgG conjugated to Alexa Fluor 488 or Alexa Fluor 633 (Invitrogen). Cells were rinsed with 0.1% (vol/vol) Tween-20 in PBS and were mounted in Vectashield (Vector Laboratories) containing DAPI (4,6-diamidino-2-phenylindole) for counterstaining of total DNA. For combined detection of g-H2AX and Igh, cells were fixed and stained for g-H2AX detection as described above. After the final rinse in 0.1% (vol/vol) Tween-20 in PBS, cells were post-fixed for 10 min at 22 1C in 3% (wt/vol) paraformaldehyde, were made permeable for 15 min at 0 1C in 0.7% (vol/vol) Triton-X-100 in 0.1 M HCl and were treated for 30 min at 37 1C with RNaseA (0.1 mg/ml in PBS). Cells were then denatured for 30 min at 22 1C with 1.9 M HCl and were rinsed with cold PBS. DNA probes were denatured for 5 min at 95 1C and were applied to coverslips, which were sealed onto slides with rubber cement, followed by incubation overnight at 37 1C. Cells were then rinsed for 30 min at 37 1C with 2Â SSC, for 30 min at 22 1C with 2Â SSC and for 30 min at 22 1C with 1Â SSC and then were rinsed in PBS. Cells were mounted and counterstained as described above.
Confocal microscopy and analysis. Cells were analyzed by confocal microscopy on a Leica SP2 or Leica SP5 Acousto-Optical Beam Splitter system. Optical sections separated by 0.3 mm were collected, and only cells with signals from both alleles (typically over 95%) were analyzed with Leica software. Alleles were measured in three dimensions and pairing was defined as a distance of less than 1 mm. Alleles were defined as pericentromerically localized if the g-satellite signal was overlapping or immediately juxtaposed. Alleles were defined as colocalized with g-H2AX if the signals overlapped. Sample sizes typically included a minimum of 200 cells for analysis of allele association and upwards of 1,000 cells for analysis of g-H2AX colocalization. Statistical significance was calculated by w 2 analysis as described 46 Analysis of Igk rearrangements in Abl pre-B cells. The generation and characterization of the Atm -/-, Artemis -/and Artemis -/-Atm -/-Abelson pre-B cell lines have been described 9, 29 . Artemis -/-p53 -/-Abelson pre-B cell lines were generated as described 9 from Artemis -/mice and mice with loxP-flanked p53 alleles 47 and then were subject to Tat-Cre recombinase-mediated deletion of p53. The induction and Southern blot analysis of Igk rearrangement in these cells has also been described 9, 29 . Nuclei of G1-arrested cells after STI571 treatment were isolated by hypotonic treatment, were fixed in methanol/acetic acid (3:1 by volume) and were analyzed by interphase two-color FISH with biotin-or digoxin-labeled BAC probes. After the induction of Igk breakage and release from STI571, cells were allowed to proliferate and re-enter the cell cycle, followed by treatment with colcemid (Invitrogen) and metaphase preparation according to standard protocols. The 5¢ V k BAC RP24-243E11 and the 3¢ C k BAC RP23-341D5 were from Children's Hospital of Oakland Research Institute. Mouse whole chromosome paints were from Applied Spectral Imaging. Images were captured with an Olympus BX61 microscope and a COOL-1300QS camera and were analyzed with Case Data Manager Version 5.5, installed and configured by Applied Spectral Imaging. In the version of this article initially published online, some hybridomas in Figure 3 are misidentified. The correct text for Figure 3c is "type A (4F7) and type B (2D10 and 1.7) hybridomas" and the correct text for Figure 3e ,f is "type B (2D10; e) and type A (4F7; f) hybridomas." The error has been corrected for the print, PDF and HTML versions of this article.
In our published article, we found that RAG-dependent γ-H2AX foci showed monoallelic colocalization with Igh and Igk alleles in developing B lymphocytes. We sought to determine whether this was due to a stochastic cleavage mechanism or a regulated cleavage process. In Figure 6a -c and Supplementary Tables 9 and 10 initially published, we made a calculation we thought would yield the predicted number of cells in which we would expect to find biallelic colocalization of γ-H2AX foci if recombinase targeting were stochastic and compared that with the actual number obtained. The percentage of cells with biallelic colocalization of γ-H2AX foci in wild-type cells undergoing recombination was significantly lower than the predicted frequency. We believed this calculation supported the idea that monoallelic V(D)J recombination occurs as a result of the restriction of RAG-mediated cleavage to one allele and is not simply a result of stochastic recombination.
It was called to our attention, however, that our calculation of the predicted frequencies of biallelic colocalization of γ-H2AX foci was incorrect and should have been done on an allele basis, not on a per-cell basis. After consulting with biostatisticians and after further reflection, we realized that it was not possible to accurately calculate a predicted frequency on either basis, because such a calculation of predicted frequencies rests on the assumption that pre-pro-B cells, pro-B cells and pre-B cells are homogeneous populations in which all alleles are equally available for cleavage. This assumption is clearly not true for the following reasons. Some cells have two alleles available for rearrangement, whereas others have already undergone a nonfunctional rearrangement on one allele and therefore only have one allele left to rearrange. Also, the calculation does not take account of cells that have functionally rearranged one allele, as these cells move to the next developmental stage. Consequently, the data presented in Figure 6a -c and in Supplementary Tables 9 and 10 as initially published do not allow us to make any statements regarding whether monoallelic recombination in wild-type cells is due to a stochastic process or a regulated process. Thus, the discussion of Figure 6 on page 659 is now obsolete. However, we feel that the remainder of the text is still supported.
We feel it is important to correct the article and to alert the community to the caveats raised above regarding attempts to make this sort of calculation. We therefore reexamined the data through a more straightforward lens, the χ 2 test, and present here the results. We assessed the number of wild-type and Atm -/cells at various stages of development showing monoallelic or biallelic association of γ-H2AX with immunoglobulin loci (Addendum Fig. 1) . These data represent the percentage of cells with monoallelic or biallelic association of γ-H2AX with Igh or Igk; the actual number of cells analyzed (n) and statistical P values comparing wild-type and Atm -/cells are in Addendum Tables 1 and 2. The numbers of cells analyzed differ from those originally published, as we have added new experiments to make this statistical calculation more robust. The frequency with which γ-H2AX is associated with immunoglobulin alleles varies between experiments because the vagaries of both FISH and mice. Because of this, we always assessed wild-type controls alongside the mutants, and the results consistently showed differences between wild-type and Atm -/mice. ATM deficiency caused a statistically significant increase in biallelic cleavage, as shown by biallelic γ-H2AX foci in both pre-pro-B cells and pre-B cells, with the greatest difference occurring in pre-B cells. Our analysis of monoallelic and biallelic cleavage in pro-B cells in the absence of ATM is complicated because D H -J H recombination has already occurred, creating many breaks in chromosomes that are not repaired rapidly in the absence of ATM, which decreases the number of alleles available for possible V H -DJ H rearrangements in the next developmental stage. Pro-B cells thus contain many broken and missing alleles, and as we assigned scores only to the association of γ-H2AX with immunoglobulin alleles in cells with two alleles, the numbers we could analyze were lower. We believe this leads to a misleadingly small set of pro-B cells with biallelic cleavage from ATM-deficient mice. These results, together with the molecular data presented in Figure 7 of the original article, provide support for the conclusion that RAG cleavage activates ATM-mediated signals that inhibit further V(D)J recombination to suppress biallelic recombination and diminish the risk of chromosome translocations. In the version of this article initially published, two values on page 657, the title to Figure 3 and several Supplementary Table citations are incorrect. Sentence 2 of paragraph 2 on page 657, column 2, should end "than those in similar wild-type populations (55% and 61%, respectively)." The title for In the version of this addendum initially published, the first paragraph was incorrect. That paragraph should be deleted and the addendum should begin with the sentence "In our published article, we found that RAG-dependent γ-H2AX foci showed monoallelic colocalization with Igh and Igk alleles in developing B lymphocytes." The error has been corrected in the HTML and PDF versions of the article. In our published article, we found that RAG-dependent γ-H2AX foci showed monoallelic colocalization with Igh and Igk alleles in developing B lymphocytes. We sought to determine whether this was due to a stochastic cleavage mechanism or a regulated cleavage process. In Figure 6a -c and Supplementary Tables 9 and 10 initially published, we made a calculation we thought would yield the predicted number of cells in which we would expect to find biallelic colocalization of γ-H2AX foci if recombinase targeting were stochastic and compared that with the actual number obtained. The percentage of cells with biallelic colocalization of γ-H2AX foci in wild-type cells undergoing recombination was significantly lower than the predicted frequency. We believed this calculation supported the idea that monoallelic V(D)J recombination occurs as a result of the restriction of RAG-mediated cleavage to one allele and is not simply a result of stochastic recombination.
We feel it is important to correct the article and to alert the community to the caveats raised above regarding attempts to make this sort of calculation. We therefore reexamined the data through a more straightforward lens, the χ 2 test, and present here the results. We assessed the number of wild-type and Atm -/cells at various stages of development showing monoallelic or biallelic association of γ-H2AX with immunoglobulin loci (Addendum Fig. 1) . These data represent the percentage of cells with monoallelic or biallelic association of γ-H2AX with Igh or Igk; the actual number of cells analyzed (n) and statistical P values comparing wild-type and Atm -/cells are in Addendum Tables 1 and 2. The numbers of cells analyzed differ from those originally published, as we have added new experiments to make this statistical calculation more robust. The frequency with which γ-H2AX is associated with immunoglobulin alleles varies between experiments because the vagaries of both FISH and mice. Because of this, we always assessed wild-type controls alongside the mutants, and the results consistently showed differences between wild-type and Atm -/mice. ATM deficiency caused a statistically significant increase in biallelic cleavage, as shown by biallelic γ-H2AX foci in both pre-pro-B cells and pre-B cells, with the greatest difference occurring in pre-B cells. Our analysis of monoallelic and biallelic cleavage in pro-B cells in the absence of ATM is complicated because D H -J H recombination has already occurred, creating many breaks in chromosomes that are not repaired rapidly in the absence of ATM, which decreases the number of alleles available for possible V H -DJ H rearrangements in the next developmental stage. Pro-B cells thus contain many broken and missing alleles, and as we assigned scores only to the association of γ-H2AX with immunoglobulin alleles in cells with two alleles, the numbers we could analyze were lower. We believe this leads to a misleadingly small set of pro-B cells with biallelic cleavage from ATM-deficient mice. These results, together with the molecular data presented in Figure 7 of the original article, provide support for the conclusion that RAG cleavage activates ATM-mediated signals that inhibit further V(D)J recombination to suppress biallelic recombination and diminish the risk of chromosome translocations. a d d e n d a
